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Abstract: In the frame of a modified potential cluster model based on the classification of orbital states according to Young 
diagrams and revised interaction potential parameters for the bound states of 7Be in the 3He4He cluster model with forbidden 
states, the astrophysical S-factor for the radiative capture reaction 3Не(4Не,)7Bе has been calculated from 10 keV. The result 
obtained, S(23 keV) = 0.561 keVb, reproduces the latest experimental data at 23 keV. The calculated and parametrized 
reaction rate is compared with some known results in the range of temperatures from 0.05 to 5T9. 
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1. Introduction 
 
Radiative 3Не(4Не,)7Bе capture at ultralow energies is of apparent interest for nuclear astrophysics as 
a part of the proton-proton (pp) fusion cycle. The pp-cycle may be closed by the 3He + 3He  4He + 2p 
process [1] or by the 3He + 4He  7Be +  reaction promoted by 4He accumulated in the pre-stellar 
stage (see, for example, [2]). The role of the radiative 3Не(4Не,)7Bе capture in pre-stellar 
nucleosynthesis, when the temperature decreased to 0.3 Т9 (Т9 = 10
9 K) after the Big Bang, is now 
under discussion [3]. 
The 7Be production in the process 3Не(4Не,)7Bе is used directly for estimating the formation of 
7Li as a result of  -decay. Data on this process are used for the calculation of the lithium isotopes 
ratio 6Li/7Li produced in the Big Bang. The recent data on the 6Li/7Li isotopic ratio obtained within the 
framework of the LUNA collaboration and a detailed discussion of the astrophysical aspects of this 
problem are reported in [4]. 
The experimental status of the 3Не(4Не,)7Bе reaction is critically reviewed, and the available 
theoretical descriptions of the production and destruction of 7Be at astrophysical energies are 
discussed in [5] and [6]. 
The new measurements for the astrophysical S-factor performed at the lowest energy of 23 keV 
are of special interest for the 3Не(4Не,)7Bе reaction [7]. That is why we are returning to this treatment 
as this is a possible way to check the predictive abilities of our approach [8] and proceed with the 
corresponding calculations for the reaction rate. 
Basing on the two-body potential cluster model (PCM), we succeed in describing the total 
cross-sections and astrophysical S-factors for the radiative capture of more than 30 reactions [9]. 
The calculations of these reactions are performed on the basis of a modified version of the PCM 
(MPCM) with forbidden states (FSs) [10] and the classification of orbital states according to Young 
diagrams. The completely certain success of the MPCM in describing the total cross-sections of 
processes of this type can be explained by the fact that the potentials of cluster–cluster interaction 
in the continuous spectrum are built not only on the basis of known elastic scattering phase shifts 
or the structure of spectra of the resonance levels of the final nucleus but for a discrete spectrum 
on the basis of a description of the main characteristics of the bound states (BSs). These 
potentials are also based on the classification of orbital states according to Young diagrams [9], 
which makes it possible to determine the presence and number of FSs in each partial wave and 
hence the number of inner nodes of the relative motion radial wave function (WF) [11]. As a result, 
each partial potential depends not only on the standard quantum numbers set JLS but also on the 
Young diagrams {f} [12]. 
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2. Results and Discussion 
 
2.1. Interaction Potentials 
 
As was shown, for example in [13], the orbital states in the 3He4He cluster system of 7Be are pure according 
to Young diagrams. Therefore, the nuclear partial potentials of 3He4He interactions are of the form 
 
VJLS(r) = V0(JLS)exp(-r
2) + Vcoul(r) 
 
with parameters obtained on the basis of elastic scattering phase shifts, and, depending on the 
quantum numbers, JLS can be used directly to consider the characteristics of the BS of 7Be [9,10,14]. 
For the Coulomb potential Vcoul(r) the usual spherical shape was used in [15]. 
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Earlier, in [8], we refined the main calculated characteristics of the bound states of 7Be in the 
3He4He channel. For this purpose, the potential parameters of the bound P-states, given in Table 1, 
were improved, and now the calculated energy levels completely coincide with the experimental 
values [16]. The potential describes the elastic scattering S-phase shift [9] from work [17] well, since 
the transitions from the S-waves to the ground state (GS) and to the first excited state (FES) of 7Be 
make the predominant contribution to the astrophysical S-factor. Such potentials in the S-wave have 
two forbidden BSs that correspond to the forbidden Young diagrams {7} and {52}. In the P-wave, 
diagram {61} is forbidden along with the bound allowed state (AS) with the Young diagram {43}. In 
the D-wave, there is an FS with diagram {52} [12,13,18], and there is no AS. 
 
Table 1. Potential parameters for GS and FES.  = 0.15747 fm
-2 and Rс = 3.095 fm. Energy spectra 
and charge radius of 7Ве. The number of FSs is indicated. 
LJ V0, MeV Е, MeV FSs rmsr , fm СW 
2S1/2 -67.5 – 2 – --- 
2P3/2 –83.589554 –1.586600 1 2.64 5.04(2) 
2P1/2 –81.815179 –1.160820 1 2.69 4.64(2) 
2D5/2
 -69.0 – 1 –  
2D3/2
 -66.0 – 1 –  
 
The energies of the bound levels of the considered nuclei in the given potentials were 
calculated by the finite-difference method [19] with accuracy not worse than 10-6 MeV. The depths of 
the potentials in Table 1 were determined based on the description of charge radii and asymptotic 
constants [8]. Table 1 also shows the results of calculation of the charge radii. To find the nuclear 
charge radius, we used the cluster radii given in [20]. 
To control the stability of the asymptotics of the wave function for the ground and first excited bound 
states at large distances, we used the dimensionless asymptotic constant (AC) CW of the form [21] 
 
L(r) = 02k CWW-L+1/2(2k0r),  
 
where L(r) is the numerical wave function of the bound state obtained from the solution of the radial 
Schrödinger equation and normalized to unity, 1/2LW    is the Whittaker function, which determines 
the asymptotic behavior of the WF and is the solution of the same equation without nuclear potential; 
that is, at large distances r, k0 is the wave number corresponding to the channel binding energy;   is 
the Coulomb parameter, and L is the orbital angular momentum. Our dimensionless AC CW is 
connected with the ANC (asymptotic normalization coefficient) by the formula ANC = fS 02k CW, 
where Sf is the spectroscopic factor! Both CW and ANC are used in different experimental and 
theoretical papers. We give all the corresponding references in our work. 
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As a result, the AC value of 5.03(2) was obtained for the GS, and 4.64(2) was found for the FES. The 
above error is determined by averaging the resultant calculation of the constants over the interval of 6–16 fm. 
For root-mean-square (rms) charge radii has been obtained: 2.69 fm for the FES and 2.64 fm for the GS. 
Based on an analysis of various experimental data for the ground state of 7Be in the 3He4He 
channel, the AC of 4.78(7) fm-1/2 was suggested in [22]. If the value of the spectroscopic factor is taken as 
Sf = 1.5, as given on average in [23], from CSA fNC   one can obtain a value of 3.90(6) fm
-1/2 for the AC 
C. Because W02 CkC  , we reduced it to the dimensionless value CW = 4.58(7) at 02 0.852k   fm
-1/2, 
which is somewhat less than our calculated one. For the first excited state, a value of 4.24(6) fm-1/2 is given, 
and at 02 0.788k   fm
-1/2 we obtained CW = 4.39(7) at Sf = 1.5, which is also less. However, in [23], 
possible values of 1 to 2 are given for the spectroscopic factor Sf. Therefore, if we use Sf = 1.23, we obtain 
the value CW = 5.05, which is in good agreement with the above given value from Table 1 for the GS and 
CW = 4.85 for the FES. Certainly, the Sf value for the FES can be slightly different from that for the GS. So, 
in the paper (Mohr et al., 1993 [24]), the following values of spectroscopic factors S1 = 1.174 and 
S2 = 1.175 were used, which were taken from (Kurath and Millener, 1975 [25]). 
 
2.2. Capture S-factor and reaction rate 
 
Furthermore, following the publication of new experimental data, we consider again the astrophysical S-
factor for the 3Не(4Не,)7Bе radiative capture at the lowest energies. As before, we use the potential 
cluster model [9,10] with FSs and GS potentials for 7Be refined here (see Table 1) [8]. In calculations, 
only the E1 transitions are taken into account, since the contributions of the E2 and M1 transitions are 
two to three orders of magnitude smaller. In treating the system, the E1 transition is possible between 
the ground Р3/2-state of 
7Be and the S1/2, D3/2, and D5/2-scattering states and also between the first 
excited bound Р1/2-state and the S1/2 and D3/2 scattering states. 
The calculation results of the astrophysical S-factor of the 3Не(4Не,)7Bе radiative capture at the 
energies from 10 keV are shown in Figure 1 by the blue solid curve. The dotted curve shows the S-factor for 
capture into the GS, while dotted-dashed curve shows the S-factor for capture into the FES. The experimental 
data are taken from [7,26–31]. For comparison, the ab initio [32] and the R-matrix calculations [33] are given 
by curves 1 and 2, respectively. 
As can be seen in Figure 1, the results of our calculations at 23 keV lie in the region of 
experimental errors [7]. At the energy of 20 keV, our calculation yields an S-factor of 0.570 keVb, and 
at 23 keV it is 0.561 keVb. In our earlier works [8,9], S(20 keV) = 0.593 keVb was obtained, which is 
approximately 4% higher than the present results. The reason for this is that the same potentials were 
used for the GS and the FES earlier. At that time, this was of no principle importance, since the errors 
of the S-factor in the previously measured energy region from 90 keV and above were 10–20% and 
data at lower energies were absent. 
 
 
Figure 1. Astrophysical S-factor of the 3Не(4Не,)7Bе radiative capture at the energies from 10 keV 
(left panel). Experiment: solid points – [26]; solid squares – [27]; open points – [28]; open squares – 
[29]; triangles – [30]; open diamonds – [31]; crosses – [7]. Theory: curve 1 – [32]; curve 2 – [33]; for 
details of the present calculations with the parameters of Table 1 see the text (blue solid curve, black 
dotted and dotted-dashed curves). Ratio S429/S0 (right panel) – ratio between S-factor of the FES and 
S-factor of the GS: points from [31]; solid curve – present calculations. 
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The most recent measurements of the S-factor at 6523

  keV [7] lead to the value of 0.548(54) 
keVb, which agrees well with our results. A combined average of S(0) = 0.561   0.014 keVb is 
found in [7]. 
For comparison, we present the results of extrapolating the experimental data to zero energy in 
units of keVb: 0.54(9) [36], 0.550(12) [34], 0.595(18) [26], 0.560(17) [27], 0.550(17) [28], and 
0.567(18) [35]. All these data, instead of the oldest data from [26], within limits of errors, lead to the 
values that coincide with the new results [7]. In addition, not so long ago, in [23], based on the analysis 
of various experimental data, the following recommended values were obtained: S(0) = 0.613 keVb 
and S(23) = 0.601 keVb. The latest publication [22] reported the value S(0) = 0.596(17) keVb, which 
is slightly higher than the results of [7].  
Note that our calculations of the S-factor were performed in [8] in 2010. Only a small refinement 
has been made here due to the use of the corrected FES potential. New experimental data [7] were 
published in 2015. In other words, the theoretical results of [8] predicted the behavior of the S-factor at 
the lowest energies up to 23 keV. 
The reaction rate calculated in the T9 range from 0.05 to 5 T9 according to the traditional 
definition [36] is 
 
4 1/ 2 3/ 2
9 9
0
3.7313 10 ( ) exp( 11.605 / )AN v T E E E T dE

       , 
 
where Е is taken in MeV, the cross-section (E) in b, the reduced mass  in amu, and the 
temperature Т9 in 10
9 K. 
The solid curve in Figure 2 (left panel) shows the reaction rate for the total capture, which 
corresponds to the blue solid curve in Figure 1 (present result). For comparison, the rates from [7], 
[31], and [33] are given. Note, we chose the latest data, and provided by the analytical 
parametrizations for the v  only. 
 
  
Figure 2. Left panel: Reaction rate in the T9 range from 0.05 to 5 T9. Right panel: thermonuclear 
reaction rate, relative to the present rate, obtained by Kontos et al. (green curve, [31]), by Takács et al. 
(red curve, [7]), and by Descouvemont et al. (magenta curve, [33]). 
 
To see the real range of deviations in the reaction rates, the corresponding ratios are given in 
Figure 2. It can be clearly seen that our results are very close to those of Takács et al. (red curve, [7]), 
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except at ultra-low energies, where our results are higher. Practically the same ratio is observed for 
the data by Kontos et al. (green curve, [31]) up to ~1 T9, but the higher the value of T9, the more 
definite the difference that is illuminated. The greatest difference appears in comparison with 
calculations presented by Descouvemont et al. (magenta curve, [33]). 
For the total reaction rate in Figure 2, the following analytical parametrization was obtained 
 
2/3 1/3 1/3
9 9 9
2/3 4/3 5/3 3/2
9 9 9 9 9 9
36807.346 / exp( 11.354 / ) (1.0 15.748
56.148 27.650 66.643 21.709 ) 44350.648 / exp( 16.383 / ),
AN v T T T
T T T T T T
       
         
 
 
which has an accuracy of 2 = 0.91 within 1% theoretical errors. 
 
3. Conclusions 
 
The slightly refined variants of calculations for the astrophysical S-factor of the 3Не(4Не,)7Bе reaction 
are in better agreement with the data available earlier and the latest experimental data. The new lowest 
measured point 65(23 keV)=0.548 0,054keV bS

    (Takács et al., 2015 [7]) is just on the theoretical 
curve calculated earlier for S(E) [8]. So, the predictive reliability of the developing cluster model approach 
was demonstrated. The new parametrization for the reaction rate is obtained and may be recommended 
for the astrophysical evaluation of the 7Be production. Also we ought to note that at the beginning of this 
year the paper [37] was published in which the astrophysical S-factor of the 3Не(4Не,)7Bе reaction was 
obtained, but the reaction rate and its parametrization were not calculated. 
We would like to note that a preliminary version of the present results [38] has already found 
successful application; in particular, the reaction rate analytical parametrization was used in the latest 
calculations on the solution of the primordial lithium abundance problem of BBN [39]. 
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